The performance of a newly developed cyclone dryer is investigated using RANS-based single-phase computational fluid dynamics (CFD) 
Introduction
At harvest, rice grain usually has a high moisture content ͑24-33% wet basis͒ which, if not reduced, allows microbial growth causing biochemical deterioration of the grain. Drying of the paddy grain ͑rice͒ from its fresh harvest moisture content to a more manageable level ͑18% wb.͒ is currently the only practical method to lower the rate of deterioration of grain ͓1͔. Satisfactory drying of newly harvested grains typically requires a residence time of several minutes.
The cyclone dryer is a medium-residence time dryer with the solids retained for 5 -30 min. This type of dryer has been used for drying S-PVC and other polymers. Nebra et al. ͓2͔, Korn ͓3͔, Heinze ͓4͔, and Ulrich ͓5͔ give a brief description of the design and working principles of cyclone dryers. However, in their work the design and scaling relationships were obtained by pilot plant scale testing rather than theoretical considerations.
To make further improvements to cyclone dryer designs, a good understanding of the fluid dynamics is required. Analytical techniques do not allow changes in geometry to be readily assessed. Reynolds-average Navier-Stokes ͑RANS͒ based computational fluid dynamics ͑CFD͒ models provide an economical means of understanding the complex fluid dynamics and how it can be influenced by changes in design and operating conditions. Validation of results is required to establish confidence in the predictions.
A review of archival literature revealed no research involving simulation of cyclone dryers, but significant advances have been made in simulating cyclone separators. Boysan et al. ͓6͔ who were early users of the CFD technology, applied the algebraic stress model ͑ASM͒ to simulations of a cyclone separator. Later Zhou et al. ͓7͔, Modigell et al. ͓8͔, and Hoekstra et al. ͓9͔ applied CFD to this problem with varying success. But their works dealt only with two-dimensional prediction of the single-phase flow in the cyclones and treated the flow field as axisymmetric and steady.
To get more details of the complicated flow field in cyclone devices it is necessary to perform numerical simulations in threedimensions. Several researchers have conducted numerical simulations of cyclone separators in three-dimensions ͑Griffiths et al. . These authors tested a number of turbulence models, ranging from the algebraic stress model ͓11͔, standard k-͓12,13,19,14͔, RNG k-͓10͔, and a Reynolds stress model ͓16,19͔. Their studies have demonstrated that CFD still cannot produce a very accurate description of the flow field because of difficulties in modeling the phenomena occurring in swirling flow. Calculated results for pressure drop agree only moderately well with the experimental data. The experimental pressure drop was larger than the calculated pressure drop by 60%, 15%, and 16% for standard k-͓13͔, RNG k-͓10͔, and Reynolds stress model ͓16͔, respectively.
Recently, large eddy simulation ͑LES͒ was used to predict the unsteady, spiral shape, and vortex core characteristics of a cyclone separator ͓15,17,18͔. Good agreement with experimental data was obtained, both in terms of the average velocity and velocity fluctuations, when high spatial and temporal resolution was used. The superiority of the LES approach as compared with the Reynoldsaverage approach was clearly illustrated but at greatly increased computational cost.
The objective of this paper is to present predictions of the gasphase flow field and pressure drop through a laboratory scale cyclone dryer using RANS based CFD. A model developed using the commercial code CFX5.7 is run for three-dimensional singlephase gas flow in the cyclone dryer. Simulation parameters such as mesh type, turbulence model, advection scheme, and level of mesh resolution are tested to find the best combination for flows of this type. The computed flow behavior is compared with experimental results to establish a level of confidence in the numerical predictions. Mean flow field and pressure drop prediction are then presented using the optimized simulation parameters. Finally, the effects of orifice diameter and chamber height on the pressure drop are investigated. This is the first stage in the development of a computational method for cyclone dryer design.
Flow Geometry
The geometry of the cyclone dryer used for the initial numerical investigation is shown in Fig. 1 . It is characterized by the principal diameter D, and the geometric ratios detailed in Fig. 1 . The diameter of the model cyclone dryer tested is 500 mm, similar to the design of Korn ͓3͔. The orifice angle of 40 deg is greater than the angle of repose of the granular material to ensure that the grains can slide along the surface to the air jet at the orifice to achieve the necessary recirculation of grain within the dryer chamber for the ultimate drying application. The cylindrical coordinate directions are defined in Fig. 1 . The origin of the coordinate system is located at the level of the interface between the conicalbottom and the cylindrical body.
Experimental Studies
3.1 Experimental Set-up. In order to judge the quality of the numerical simulations, experimental data were required. The cyclone dryer model used to validate the numerical results was constructed from transparent 10 mm thick acrylic. It is characterized by eight dimensions that are each expressed as a ratio to the cyclone dryer diameter as shown in Fig. 1 . Air is drawn from the atmosphere through a horizontal duct to a centrifugal blower with a flow straightening honeycomb at exit. It is then fed tangentially to the lower cyclone chamber and finally discharged freely to the atmosphere from the upper chamber. The air flow-rate is adjusted by a variable frequency speed control ac motor unit. A bell mouth nozzle is fitted at the fan inlet in order to measure the air flow-rate through the system. The nozzle pressure differential is measured via a wall pressure tapping.
A three-hole modified wedge probe detailed in Fig. 2 was used to measure radial profiles of time-average axial and tangential velocity in the cyclone dryer chambers. This device indicates the flow direction on one plane only. The axial and tangential velocity components are calculated from the direction and magnitude of velocity. The three-hole probe was calibrated in a wind tunnel against a pitot-static probe. The calibration results showed that the uncertainties of local angle and velocity measurement in twodimensional flow were both less than 1% over the range of calibration. The sensors were connected to a pressure scanner ͑Fur-ness FCS421͒ linked to a micromanometer ͑Furness FC012͒ which displayed pressure differential in mmH 2 O. A personal computer with LABVIEW program was used to control the data acquisition, change channels, and write data files in terms of voltages at the desired sampling rate. The estimated uncertainties in this experiment were ±6% for total pressure and ±2% for velocity. The radial velocity component was not measured. While nonzero pitch angle related by radial velocity components within the model dryer could have caused deviations from the 2D probe calibration, these effects are thought to have been acceptably small in the outer vortex region ͉r / R͉ Ͼ 0.4. Here the CFD prediction indicated the pitch angles to be generally less than 2 deg and the likely measurement errors from this source are less than 1 deg in angle and 2% in flow speed. Larger errors would have occurred for velocity measurements in the inner core region ͉r / R͉ Ͻ 0.4 at z = 0.055 m, where pitch angles of up to 10 deg were predicted. The inner core measurements at z = 0.255 m must be considered unreliable due to predicted pitch angles averaging 20 deg, with higer peaks. Additional measurement error is likely in regions of high shear at the edge of the vortex core due to flow nonuniformity over the probe head.
As shown in Fig. 1͑a͒ , axial and tangential velocity profiles were measured at two axial positions ͑planes at z = 0.055 and 0.255 m͒ by means of the three-hole probe. At each axial location, the measurement probe was traversed in the radial direction, in a diametral plane 11 deg circumferentially from the tangential inlet connection point. The position of the probe traverse is shown in Fig. 1͑b͒ . Figure 3 presents typical measured radial profiles of mean tangential and axial velocity. The tangential velocity profile in Fig. 3͑b͒ shows the expected Rankine ͑or combined͒ type vortex, consisting of an outer potential flow vortex with a region of near solid body rotation at the core. This flow pattern has been reported in flow field measurements of cyclone separators by several researchers ͓20,21͔. The maximum tangential velocity rises to 2.5 and 1.5 times the inlet air velocity at the first and second measurement stations, respectively.
Experimental Results.
For measurements taken at z = 0.055 m, the position of maximum tangential velocity is very close to the cyclone orifice diameter ͑r / R = ± 0.3͒, indicating an almost symmetrical swirl flow in the lowest chamber of the cyclone dryer. At z = 0.255 m, the vortex core is offset from the orifice center, indicating an eccentric swirl flow pattern in the higher chamber.
The axial velocity profile in Fig. 3͑a͒ has a maximum at the orifice diameter ͑r / R = ± 0.3͒ at both z = 0.055 m and z = 0.255 m. In the outer core, the magnitude of the axial velocity is nearly constant except in the near wall region, which shows a variation depending on the direction of the local air-flow. The magnitude of the peak tangential and axial velocity decreases from chamber to chamber due to turbulent diffusion and shear losses inside the cyclone dryer.
The velocity distribution was found to retain a high degree of similarity for a range of inlet velocities. Another measurement at 11 m / s inlet velocity showed a slight reduction in the relative value of the peak tangential velocity, but no change in its position. Thus, the results for a 9 m / s inlet velocity are used here to validate the numerical simulation results in the following section. 
Solution of the above equations by analytical techniques is only possible for very simple cases. Numerical methods have been developed but are complicated by the addition of Reynolds stress terms ͑−UЈ UЈ͒ to the right-hand side of Eq. ͑2͒. To obtain values for the Reynolds stress terms, standard turbulence models are used. The models used in this study were the standard k-, RNG k-, and SSG Reynolds stress turbulence models. See, for example, CFX 5.7 user, CFX-5. Solver theory ͓22͔ for details.
A finite volume method was used to find a steady-state solution of the above set of partial differential equations. For each iteration, the full set of equations is solved using an algebraic multigrid method ͑AMG͒. The hydrodynamic equations are solved si- multaneously as a single system. This solution approach uses a fully implicit discretization of the equations at any given iteration. Transport equations for turbulence properties are then solved. The solution procedure is repeated until the convergence criteria are met.
A series of definition files was created to obtain simulation results from CFX5.7. The simulation assumes isothermal ͑25°C͒ flow of a generic ideal gas with a reference pressure of 1 atm. Fluid enters the domain with uniform velocity of 10 m / s normal to inlet surface. The outlet boundary was specified with an average static pressure of 0 Pa. This is compatible with the experimental set-up, in which air was discharged freely to the atmosphere. A no-slip adiabatic wall boundary condition was applied for the remaining surfaces in the domain.
Boundary conditions for k and at the inlet were determined by assuming a turbulence intensity of 5%. A high turbulence intensity was expected due to the combined effect of the fan discharge and honeycomb mesh. A simulation using a turbulence intensity of 1% at the inlet was also run. This change was found to have only a small effect on the results. The values of k and at inlet were calculated using k = 3 2 I 2 U 2 and = k 3/2 / 0.3D h , respectively.
Numerical Validation.
To investigate the effect of different modeling parameters and approaches, the following tests were performed:
͑1͒ Mesh and turbulence modeling test:
-Tetrahedral mesh with SSG Reynolds stress turbulence model; -hexahedral mesh with standard and RNG k-turbulence model.
͑2͒ Advection scheme test:
-Upwind differencing scheme; -"high resolution" differencing scheme; -second order accuracy advection scheme.
͑3͒ Grid resolution sensitivity test.
Distributions of the normalized axial and tangential velocity components V z and V as well as the total pressure drop coefficient C ⌬P = ⌬P / 1 2 U 2 , were compared with the experimental results.
Effect of Mesh Type and Turbulence
Model. Two strategies have been used for the mesh generation. They are an unstructured mixed element mesh and a structured hexahedral mesh. Meshes were produced using the ANSYS commercial grid generator ICEM 5.0. Figure 4 shows the structured hexahedral and unstructured mixed element mesh geometry.
Simulations were run for a tetrahedral mesh with the SSG Reynolds stress turbulence model and a hexahedral mesh with the k-turbulence model, using an upwind differencing scheme and maximum RMS residual level of 10 −6 . For the tetrahedral mesh, tight convergence could not be obtained for the k-turbulence model. However, the SSG Reynolds Stress turbulence model converged well for this kind of mesh. For the hexahedral mesh, on the other hand, excellent convergence of the k-turbulence model was obtained while the SSG Reynolds stress turbulence model did not converge.
To examine the combined effect of turbulence model and mesh type, results for the tangential and axial velocity components at the two heights, z = 0.055 and 0.255 m, are presented in Figs. 5 and 6. Radial position was nondimensionalized with respect to the cyclone dryer radius and velocity is nondimensionalized by the mean inlet velocity. Results are presented at a circumferential location 11 deg from the point where the inlet duct is attached ͑see Fig. 1͒ .
As shown in Figs. 5 and 6, a significant under-prediction of the tangential velocity was obtained with both the SSG Reynolds stress turbulence model and k-turbulence models. The results obtained with the k-turbulence model show reasonable success in predicting the axial velocity. Both standard and RNG k-turbulence models are able to predict the radial location of the axial velocity peak, but a discrepancy occurs in the SSG Reynolds Stress turbulence model prediction. The predicted velocity distributions were nearest to the experimental results for the standard and RNG k-turbulence models. For this reason, the standard k-and RNG k-turbulence models with hexahedral mesh are used for the remaining investigations.
Effect of Differencing
Scheme. In order to raise the level of confidence in the simulations, further improvement is required. The standard k-and RNG k-turbulence model with hexahedral mesh were run using upwind differencing, "high resolution" differencing and a second order accurate advection scheme. With the upwind differencing scheme a first order accurate numerical discretization is used to calculate the advection terms in the discrete equations, while a second order accurate numerical discretization is used to calculate the advection term for the second order accu- rate advection scheme. In the "high resolution" differencing scheme, the advection term is calculated using either a first or second order accurate numerical discretization depending on the local flow field in order to enforce a boundedness criterion. In flow regions with low gradients of flow variables, a second order accurate numerical discretization is used for accuracy. In areas where the flow field changes sharply, a first order accurate numerical discretization is used to prevent overshoots and undershoots and maintain robustness.
CFX definition files were set up with the automatic initial condition and a required minimum RMS residual level of 10 −6 . Figures 7-10 show the axial and tangential velocity profiles for various differencing schemes with the standard and RNG kturbulence models. These figures also show the results obtained using the upwind differencing scheme discussed in the previous section.
For both standard k-and RNG k-turbulence models, the tangential velocity was under-predicted at both measurement planes when using the upwind differencing scheme. The sharp gradient of axial velocity near the cyclone orifice cannot be captured due to the diffusive nature of this differencing scheme. The results obtained with the "high resolution" and second order accurate advection schemes significantly improve the predicted tangential and axial velocity profiles.
The second order accurate advection scheme clearly gives much better agreement than the other differencing schemes for both the magnitude and position of the maximum axial and tangential velocity. As in the previous discussion, the RNG k-turbulence model gives a slightly higher value than the standard k-turbulence model. An overall measure of the accuracy of various differencing schemes and turbulence models is provided by the total pressure drop coefficient, which is an important parameter in dryer design. The numerical results obtained with various differencing schemes and turbulence models are compared with the experimental pressure drop values in Table 1 . These results clearly show that the RNG k-turbulence model with the second order accurate advection scheme gives a closer prediction of the total pressure drop coefficient than the standard k-turbulence model and other differencing schemes. We conclude that the RNG k-turbulence model is the most appropriate scheme available in CFX for modeling flow in a cyclone dryer.
Effect of Mesh Resolution Level.
To investigate the effect of truncation errors in the spatial discretization, simulations were run at three levels of mesh resolution. The three hexahedral meshes used for this test have 58,780, 278,976, and 475,232 elements. The coarsest mesh, with 58,780 elements, was used in the previous simulations. Figure 11 shows details of the meshes with The tangential and axial velocity profiles for three levels of mesh resolution are plotted and compared with experimental data in Fig. 12 . As the mesh resolution increases, the solution changes only slightly while the computational time increases considerably compared with the initial mesh resolution ͑57,780 elements͒. A similar trend in results ͑not shown here͒ was obtained for the radial velocity profiles comparison at a height of z = 0.255 m. Based on this investigation, the solution at the initial resolution ͑58,780 elements͒ was selected as being adequately mesh independent.
Performance of Optimized Model.
As shown in the previous sections, the optimized model with RNG k-turbulence model and hexahedral mesh gives good agreement with the experimental velocity data in the central part of the cyclone dryer. Close to the outer walls of the dryer, however, the tangential velocity calculated by the model is significantly higher than the experimental data. Poor prediction of the free vortex distribution in the outer core has also been reported by Hoekstra et al. ͓9͔ and Griffiths et al. ͓10͔ for cyclone separator simulations. They have ascribed this discrepancy to the assumption of isotropic turbulence inherent in the k-turbulence model, which leads to excessive turbulent viscosity ͓9,10,16͔. In spite of this deficiency the optimized model still gives good agreement for the pressure drop prediction.
To further assess the performance of the optimized model for prediction of the pressure drop across the dryer, the simulation was run with the uniform inlet velocity values of 8, 10, and 13 m / s. Figure 13 compares the variation of the total pressure drop coefficient with Reynolds number ͑based on cyclone dryer diameter and inlet air velocity͒ for the experiment and simulation. The optimized model gives good agreement with the experimental data, predicting the pressure drop to within 10% in each case and giving a reasonable indication of the variation of total pressure drop coefficient with Reynolds number. This is an improvement over results of Griffiths et al. ͑1996͒ ͓10͔ . Their model of a cyclone separator used a similar turbulence model and mesh, and gave a 15% error for the pressure drop. Figure 14 shows fluid velocity vectors in diametral planes at circumferential angles of 0 and 90 deg from the inlet plane. These figures show the flow field to vary significantly with circumferential position. They also indicate the complicated structure of the velocity field in the cyclone dryer chambers. In the lowest chamber, air-flow separates at the wall into upward and downward streams at a point close to the middle of the inlet pipe. Upward flow is present along the wall surface above the middle of the inlet pipe. This flow continues downward along the surface of the orifice plate and short circuits through the orifice to the next chamber. The downward stream continues along the conical bottom and then turns upward at the middle of the cyclone dryer.
Numerical Predictions
The air core has an asymmetric pattern in the second chamber. The swirl velocity becomes weaker when passing from chamber to chamber as can be seen in the velocity plot of tangential velocity at various levels of the cyclone dryer in Fig. 15 .
In the highest chamber, the flow pattern is different from the other chambers in the sense that the upward flowing air core has vanished. The vortex core is deflected from the cyclone axis and bends toward the exit pipe. This causes a re-circulation inside the highest chamber, which is clearly seen in Fig. 14͑a͒ .
To illustrate how the optimized computer model can be used for engineering design, simulations were performed for a cyclone dryer with modified geometry. Simulations were performed for orifice diameters of 12.5 and 17.5 cm and chamber heights of 18 and 22.5 cm. The numerical prediction results for the different designs are compared in the following discussion.
Comparison of the total pressure drop coefficient at different orifice diameters and chamber heights is shown in Fig. 16 . The figure show that the total pressure drop coefficient decreases when RNG k-turbulence model -Upwind differencing scheme 6.5 -High resolution differencing scheme 13.5 -Second order accuracy advection scheme 15.3 the orifice diameter increases. There are probably two main factors contributing to this trend. Assuming that the discharge coefficient of the orifice remains approximately constant, maintaining the same flow rate through a smaller orifice diameter will lead to a higher pressure drop; conservation of angular momentum will require a higher tangential velocity of the vortex core and increase shear losses. The variation in the total pressure drop coefficient for different chamber heights is somewhat counter-intuitive. Figure 17 shows that the pressure drop across the cyclone dryer decreases with increasing chamber height, while experience from pipe flow suggested that the total pressure drop coefficient should increase with increasing chamber height. The observed decrease with increasing chamber height is probably due to increasing diffusion of the vortex core, which reduces the intensity of the secondary circulation such that the reduction in wall shear stress more than offsets the increase in surface area.
Conclusions
Simulation of the flow field inside a three-chamber cyclone dryer has been carried out using the CFX5.7 solver. A level of confidence in the simulation results was established through a comparison with experimental results. Axial and tangential velocity profiles along the cyclone dryer radius at two heights above the reference level were used to evaluate the effect of simulation parameters. The SSG-Reynolds stress turbulence model with a tetrahedral mesh showed the poorest agreement with the experimental results. The results obtained using the standard and RNG kturbulence model with hexahedral mesh showed fair to good agreement with the experimental data, both in terms of the axial and tangential velocity distributions, and the total pressure drop coefficient.
A major improvement in simulation results was obtained when the second order accurate advection scheme was used. The results were not significantly changed when the mesh resolution increased. The advection scheme was found to be the most important parameter for improving simulation results.
A comparison of numerical and experimental results showed that the RNG k-turbulence model with hexahedral mesh and second order accurate advection scheme gives the best agreement with experimental data. Although it produces more linear radial variation of tangential velocity outside the vortex core region than the free vortex distribution seen in the experimental data, the axial velocity and total pressure drop coefficient were reasonably well predicted. The discrepancy in tangential velocity distribution is believed to be due to the assumption of isotropic turbulence hypothesis inherent in the k-turbulence model, which leads to excessive turbulent viscosity ͓9,10,16͔. The accuracy of the computer model has been demonstrated through good agreement between the calculated and measured axial velocity distribution and pressure drop prediction. The model gives an excellent prediction of the magnitude and position of the peaks of the tangential and axial velocity, with 10% error in The current simulations highlight the complex flow phenomena occurring inside the cyclone dryer chambers. Effects of orifice diameter and chamber height on pressure drop was studied. As expected, a smaller orifice diameter gives an increased pressure drop. A counter-intuitive behavior of pressure drop was observed when chamber height was varied. The pressure drop was found to decrease as chamber height increases. This is probably due to increasing diffusion of the vortex core, which reduces the intensity of the secondary circulation such that the reduction in wall shear stress more than offsets the increase in surface area. 
